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Abstract
The effects of Bax (full-length, FL, and C-terminal truncated, DC) on respiration rate, membrane potential, MgATPase activity and
kinetics of regulation of respiration were studied in isolated rat heart mitochondria and permeabilized cardiomyocytes. The results showed
that while both Bax-FL and Bax-DC permeabilized the outer mitochondrial membrane, released cytochrome c and reduced the respiration
rate, the latter could be fully restored by exogenous cytochrome c only in the case of Bax-DC, but not in presence of Bax-FL. In addition,
Bax-FL but not Bax-DC increased the MgATPase activity, and their effects on the mitochondrial membrane potential were quantitatively
different. None of these effects was sensitive to cyclosporin A (CsA).
It is concluded that Bax-FL affects both the outer and the inner mitochondrial membranes by: (1) opening large pores in the outer
membrane; (2) inhibiting some segments of the respiratory chain in the inner membrane; and (3) uncoupling the inner mitochondrial
membrane by increasing proton leak without opening the permeability transition pore (PTP).
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
In the rapidly increasing literature on apoptotic cell
death, one of often discussed questions is the role of
mitochondria in this process [1–6]. Intensive studies have
identified the role of the Bcl-2 family proteins, Bax and
others, as triggers of the release of cytochrome c, which in
the cytosol activates a cascade of caspase proteases, ulti-
mately leading to cell death [7–9]. The release of cyto-
chrome c from mitochondria into cytoplasm has been
studied mostly by methods of molecular and cellular
biology, imaging and fluorescence spectroscopy [10,11].
However, little information is available in the literature
regarding the effects on the respiration rate, the rate of the
oxidative phosphorylation or the rate of the mitochondrial
MgATPase reaction under these conditions. Only very
recently, serial measurements of oxygen consumption,
NADH red–ox state and membrane potential were used
to study changes in mitochondrial function in Fas-activated
hepatocytes [12], and in another study ATP production in
oxidative phosphorylation and membrane potential changes
were measured by using single-cell analysis [13]. The aim
of this study was to use standard methods of bioenergetic
research—oxygraphy and spectrophotometry—to examine
the effects of Bax on the respiratory chain activities,
MgATPase reaction and oxidative phosphorylation in rat
heart mitochondria. The results show that interaction of
exogenous oligomeric Bax with heart mitochondria may
induce changes in both the outer and inner mitochondrial
membranes, and these changes are independent of opening
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of the permeability transition pore (PTP) in the inner
mitochondrial membrane.
2. Materials and methods
2.1. Animals
Wistar rats were used in all experiments. The investiga-
tion conforms to the Guide for the Care and Use of Lab-
oratory Animals published by the National Institutes of
Health (NIH Publication no. 85-23, revised 1985).
2.2. Isolation of mitochondria from cardiac muscle
Intact mitochondria were isolated from rat hearts as
described earlier [14].
2.3. Isolation and culturing of adult cardiac myocytes
Calcium-tolerant myocytes were isolated from rat hearts
as described earlier by Kay et al. [15].
2.4. Preparation of skinned muscle fibers
Skinned fibers were prepared according to the method
described previously [16].
2.5. Determination of the rate of mitochondrial respiration
in skinned fibers and cardiomyocytes
The rates of oxygen uptake were recorded by using the
two-channel high resolution respirometer (Oroboros Oxy-
graph, Paar KG, Graz, Austria) or a Yellow Spring Clark
oxygen electrode in solution B (respiration kinetics) or in
KCl solution (cytochrome c test), containing respiratory
substrates (see below) and 2 mg/ml of bovine serum
albumin. Determinations were carried out at 25 jC; solu-
bility of oxygen was taken as 215 nmol/ml [14].
2.6. Immunoanalysis
Cell fractions were prepared as described by Gross et al.
[17]. Briefly, after washing by phosphate-buffered saline
(PBS), the intact cardiomyocytes were suspended in isotonic
buffer (200 mM mannitol, 70 mM sucrose, 1 mM EGTA, 10
mM HEPES, pH 7.5) and homogenized. Nuclei and unbro-
ken cells were separated at 120 g for 5 min as the low
speed pellet (P1). The supernatant was centrifuged at
10,000 g for 10 min to obtain the heavy membrane pellet
(HM) representing mitochondria. Finally this supernatant
was centrifuged at 100,000 g for 30 min to yield the light
membrane pellet (LM) representing microsomal fraction and
the final soluble fraction (S). Hypotonic lysis was performed
by resuspending the pellets in hypotonic buffer (10 mM Tris
pH 7.5, 5 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol
(DTT)). Protease inhibitors were included in all solubiliza-
tion buffers. Proteins in the resultant supernatants were
resolved by SDS-PAGE and electroblotted onto PVDF
membranes for Western blot analysis using anti-Bax anti-
body.
For immunofluorescence, permeabilized cardiomyocytes
were fixed with para-formaldehyde (4%) for 10 min at
room temperature, blocked with serum and exposed to the
mouse Bax primary antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, USA) followed by X-Rhodamine-conju-
gated secondary antibody (Jackson ImmunoResearch, West
Grove, PA, USA). For double labelling, cells were exposed
simultaneously to the primary anti-Bax antibody and the
mitochondrial probe 10-nonyl acridine orange (NAO)
(Molecular Probes Inc., Eugene, USA). Immunofluores-
cence was observed by using Ratio Fluorescence Imaging
System M-50/200, Photon Technology International, New
Jersey, USA, and Nikon Eclipse TE200 microscope, Japan.
2.7. Fluorimetric determination of membrane potential in
isolated heart mitochondria
Rhodamine (Rh) 123 fluorescence was recorded at 503
nm (excitation)–530 nm (emission) in Photon Technology
International Fluorescence Imaging System. The fluores-
cence intensity of Rh 123, 0.25 AM, in 2 ml of lightly stirred
solution B at 25 jC was recorded, then isolated rat heart
mitochondria were added to a final concentration of 0.1 mg/
ml. The Rh 123 uptake in response to addition of mitochon-
dria in the presence of substrates (glutamate, 5 mM, malate
2 mM) shows the generation of a transmembrane gradient of
electrochemical potential (Dw). The addition of an uncou-
pling agent, FCCP (0.1 AM), completely depolarises the
membrane due to collapse of Dw and results in the release of
the Rh123 out of the mitochondria and return to initial level
of fluorescence. To test the stability of the system, the
fluorescence of the Rh123 in the presence of energized
mitochondria was recorded for more than 1 h. Usually, the
level of fluorescence was stable during this period of time.
In some experiments the medium contained (instead of
glutamate/malate) 1 mM ATP to create Dw by the reversal
of the ATP synthase (F0F1 complex).
Release of cytochrome c was measured spectrophoto-
metrically [18].
2.8. Coupled enzyme assay of the mitochondrial MgATPase
activity
MgATPase activity of cardiac mitochondria was assessed
by a coupled pyruvate kinase–lactate dehydrogenase sys-
tem. The decrease in the NADH level was determined
spectrophotometrically in Uvikon 941 plus (Kontron Instru-
ments, UK). Mitochondria were added to an average final
concentration of 30 Ag/ml and the reaction was run in
solution B supplemented with 1 mM ATP, 0.3 mM NADH,
1 mM phosphoenolpyruvate and 4–5 IU/ml of both pyruvate
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kinase and lactate dehydrogenase. Different reagents were
added to the following final concentrations: CsA (1 AM),
Bax-FL (0.1 AM) or Bax-DC (5 AM), FCCP (0.125 AM),
rotenone (2 AM). To stop the reactions, oligomycin (5 Ag/ml)
or atractyloside (30 AM) was added at the end of the
experiment. This allowed to measure the rate of MgATPase
reaction in the mitochondrial matrix (atractyloside sensitive,
ANT-dependent), catalyzed by F0F1 due to uncoupling of the
inner mitochondrial membrane (Fig. 7). Activities are given
in Amol min1 (mg of protein) 1 at 25 jC.
2.9. Protein purification
The active oligomeric forms of full-length Bax (Bax-FL)
and Bax truncated of the hydrophobic C-terminal domain
(Bax-DC) were purified as described earlier [19,20]. The
purified proteins were stored at  80 jC. Bax-FL was
stored in 25 mM Hepes–NaOH, 0.2 mM DTT, 1% (v/v)
octyl gucoside, 30% glycerol (v/v), pH 7.5, and Bax DC
was stored in 25 mM Hepes–NaOH, 0.2 mM DTT, 30%
glycerol (v/v), pH 7.5.
Fig. 1. Subcellular distribution of Bax in cardiac myocytes. (A–C) Double labelling immunofluorescence confocal microscopy of «ghost» cardiomyocytes
with antibody against Bax (A) and NAO (B). The superposition of fluorescence (yellow color) in the right panel C shows that the mitochondria between the Z-
lines colocalize clearly with the Bax labelling. (D) Subcellular distribution of Bax in cardiomyocytes between soluble (S), light membrane fraction (LM), heavy
membrane (HM, mitochondria) and low pellet (P1).
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2.9.1. Protein concentration determination
Protein concentration was determined by the ELISA
method using the ELx800 Universal Microplate Reader from
Bio-Tek instruments and a BCA kit (Protein Assay Reagent)
from Pierce (USA).
Solution A for permeabilization contained, in mM:
CaK2EGTA 1.9, K2EGTA 8.1, MgCl2 9.5, DTT 0.5, potas-
sium 2-(N-morpholino)ethanesulfonate (K-Mes) 53.3, imi-
dazole 20, taurine 20, Na2ATP 2.5, phosphocreatine 19, pH
7.1, adjusted at 25 jC.
Solution B (modified with respect to Saks et al. [16])
contained, in mM: CaK2EGTA 1.9, K2EGTA 8.1, MgCl2
4.0, DTT 0.5, K-Mes 100, imidazole 20, taurine 20, K2HPO4
3 and pyruvate 5 (or glutamate 5) +malate 2, pH 7.1,
adjusted at 25 jC.
Solution KCl contained in mM: KCl 125, Hepes 20,
glutamate 4, malate 2, Mg-acetate 3, KH2PO4 5, EGTA 0.4
and DTT 0.3, pH 7.1, adjusted at 25 jC and 2 mg BSA/ml
was added.
Reagents. All reagents were purchased from Sigma
(USA) except ATP and ADP, which were obtained from
Roche (Switzerland). Anti-bax (D21) polyclonal antibody
was purchased from Santa Cruz Biotechnology and NAO at
Molecular Probes.
2.10. Analysis of the experimental results
The values in tables and figures are expressed as meansF
S.D. The apparent Km for ADP was estimated from a linear
regression of double-reciprocal plots. Statistical comparisons
were made using the Anova test (variance analysis and
Fisher test), and P < 0.05 was taken as the level of signifi-
cance.
3. Results
3.1. Bax is already present in intact heart mitochondria
Immunofluorescence studies and Western blot analysis
show that Bax was present in the mitochondria of permea-
bilized cardiomyocytes and isolated mitochondria from
intact rat heart (Fig. 1). Similar observation has been made
earlier for the presence of Bax in rat liver mitochondria [21].
We observed the presence of Bax also in brain mitochondria
(results not shown). In spite of the presence of some Bax in
rat heart mitochondria, they were characterised by intact
outer membrane and stable respiratory activities (see below)
and alteration of the outer membrane, and release of
cytochrome c required addition of activated exogenous Bax.
3.2. The effects of exogenous Bax on mitochondrial res-
piration in vitro and in situ
The effects of both Bax-FL and Bax-DC on the heart
mitochondrial respiration were studied both in vitro and in
permeabilized rat heart cells and skinned fibers in situ by
using the following tests.
3.2.1. Cytochrome c test and maximal respiration rates
The cytochrome c test was used to investigate the state of
the outer mitochondrial membrane. In the KCl medium,
cytochrome c dissociates from the inner mitochondrial
membrane [22–24]. If the outer mitochondrial membrane
is permeable, the cytochrome c is released, thus decreasing
the maximal rate of respiration [23,16]. In this case the
addition of exogenous cytochrome c may completely restore
respiration, if the permeability of the outer membrane is
sufficiently increased. Fig. 2A shows that ADP (2 mM)
increased the respiration rate of intact permeabilized
«ghost» cardiomyocytes (from which myosin was removed
by KCl [16]) more than 10 times: the acceptor control ratio,
ACR (the ratio of respiration rates after and before addition
of ADP), was higher than 10, indicating a high degree of
coupling between respiration and phosphorylation in the
inner mitochondrial membrane. External cytochrome c had
no effect on respiration rate, confirming the integrity of
outer mitochondrial membrane [16]. Incubation of these
cells with exogenous oligomeric Bax-DC (2.5 AM in sol-
ution B for 30 min at 25 jC) changed the responses of the
mitochondria to ADP (Fig. 2B). Now activation of respira-
tion by ADP was 30% less than in the control, however, the
maximal respiration rate was completely restored by exog-
enous cytochrome c. Direct measurements of cytochrome c
concentration in the medium [18] showed that 0.01–0.015
nmol of cytochrome c was liberated by the added Bax-DC
per milligram of cell protein (this amounted to about 5–8%
of total content of cytochrome c in the cells, which was
found to be around 0.2 nmol/mg). However, exogenous
cytochrome c could re-enter the intermembrane space and
restore respiration. Incubation of «ghost» cells with Bax in
the presence of Bcl-2 in equimolar concentrations had no
effect on the respiration (Fig. 2C), showing that Bcl-2
blocked the effect of Bax DC on the outer mitochondrial
membrane.
Similar effects were observed with isolated heart mito-
chondria. Preincubation of mitochondria with Bax-DC (2.5
AM) decreased activation by ADP, and again the respiration
was strongly stimulated by exogenous cytochrome c (results
not shown). Therefore, based on the observation that exog-
enous cytochrome c can re-enter the mitochondrial inter-
membrane space and restore respiration after incubation of
mitochondria with Bax, one can conclude that Bax opens
rather large pores in the outer mitochondrial membrane.
To study the question if the isolation procedure causes
damage of the outer membrane or makes the mitochondria
more sensitive to Bax, we treated both isolated mitochondria
and permeabilized cardiomyocytes with increasing concen-
trations of Bax-DC. The effect of Bax on the respiration rate
was identical in both cases (Fig. 3). Similar effects were
seen for Bax-FL, which, however, was much more effective:
much lower concentrations of Bax-FL than Bax-DC were
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Fig. 2. The effects of Bax on the maximal ADP-stimulated respiration in permeabilized cardiomyocytes: cytochrome c test. All figures show two recordings:
the change of oxygen concentration in time (thick line, left ordinate axis) and its first derivation (thin line, right ordinate axis) that shows directly the rate of
oxygen consumption. All recordings were performed with «ghost» cardiomyocytes in solution B with glutamate and malate as respiratory substrates. Cells
(Cardio) were introduced in the respiratory chamber; addition of 2 mM ADP induced maximal stimulation of the oxidative phosphorylation; succinate was
added to give the maximal activity of the respiratory chain (Vmax), followed by addition of exogenous cytochrome c (cyt c, 8 AM). (A) Control «ghost»
cardiomyocytes. (B) Cardiomyocytes were incubated with Bax-DC (2.5 AM) in solution B for 30 min at 25 jC before the measurements. (C) Cardiomyocytes
were incubated with a mixture of Bax-DC and Bcl-2 in equimolar concentrations (2.5 AM). No effect of Bax on mitochondrial respiration was seen.
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required to achieve similar effects, and they were independ-
ent of CsA. Fig. 3 shows that 1.5 AM of Bax-FL was already
enough to completely inactivate the mitochondrial respira-
tion, while incubation of isolated mitochondria or permea-
bilized cells or fibers for 30 min with Bax-DC, up to 25 AM,
decreased the respiration only by 40%. This correlated with
the spectrophotometrically determined quantity of cyto-
chrome c released by Bax-FL and Bax-DC [18]: incubation
with 5 AM Bax-DC released about 0.015 nmol of cyto-
chrome c per milligram of cell protein, and 0.044 nmol of
cytochrome c per milligram of cell protein, or 22% of total
cellular cytochrome c content, was found in solution after
incubation with 25 AM Bax-DC, while incubation with 5
AM Bax-FL released, under similar conditions, about 0.153
nmol of cytochrome c per milligram of cell protein. Thus,
the potency of Bax-FL in release of cytochrome c is about
one order of magnitude higher than that of Bax-DC. Similar
data were reported earlier [8,20].
Fig. 3. Inhibition of mitochondrial respiration in isolated mitochondria, in permeabilized cardiomyocytes and skinned fibers as a function of Bax concentration
in the pre-incubation medium. The normalised mean values of maximal respiration rate are show (100% corresponds to incubation in the solution B without
Bax. The effect of Bax-DC on the respiration (without exogenous cytochrome c) both on isolated heart mitochondria and on permeabilized cardiomyocytes was
similar (for conditions of experiments, see Fig. 4 legend).
Fig. 4. Kinetic analysis of regulation of mitochondrial respiration in permeabilized rat heart cardiomyocytes («ghost» cells): the effects of Bax-FL and Bax-DC.
The permeabilized cardiac fibers were preincubated for 30 min at 25 jC in solution B (control), in the same solution with octyl glucoside (OG), a buffer in the
same concentration was used to solubilize Bax-FL, or with two different types of Bax indicated. One representative experiment is shown; the statistically
analysed data are shown in Table 1.
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3.2.2. Changes in the kinetics of ADP regulation of res-
piration and in membrane potential
Isolated mitochondria, because of the high permeability
of the outer mitochondrial [23], have high affinity for ADP
and the apparent Km for ADP is in the range of 10–20 AM
[29]. However, in permeabilized cells an apparent Km for
ADP is 300–500 AM, showing low permeability of the
outer membrane of mitochondria due to their connection to
cytoskeleton [15,30,31]. Therefore, it was interesting to
study whether Bax, by increasing the permeability of the
Table 1
Effects of Bax on the apparent Km for ADP and Vmax of respiration of mitochondria in permeabilized cardiac fibers
Parameter Control fibers OG+ cytoch. c Bax-FL (0.5 AM) Bax-FL (0.5 AM)+ cytoch. c Bax-DC (5 AM)+ cytoch. c
Vmax, nmol O2/min/mg dw 22.4F 3.0 21F 6.0 8.0F 2.7 9.7F 0.5 18.9F 4.6
Km for ADP, AM 335F 22 193F 60 184F 33 145F 25 218F 9
The mean values for maximal respiration rates, Vmax, and apparent Km for ADP for three to five experiments are shown (explanations in the text). OG—octyl
glucoside without Bax in an amount used in experiments with Bax; cytoch.c—cytochrome c.
Fig. 5. Effects of Bax-DC and Bax-FL added directly in the oxygraph chamber on ADP-activated respiration of isolated mitochondria in the presence of CsA.
(A) Isolated mitochondria were introduced in the oxygraphic chamber (Mito); 3 mM of ADP induced the maximal respiration rate; CsA, an inhibitor of the PTP
opening, had no effect on the respiration. Even in the presence of CsA, the addition of 0.1 AM Bax-FL induced a decrease of the respiration rate, JO2.
Exogenous cytochrome c did not restore the rate of respiration. (B) This recording was identical to A with 5 AM Bax-DC instead of Bax-FL. Note that the
cytochrome c (cyt c) was able to restore the maximal respiration rate. (C) The effect of Bax-FL on the Vmax in the presence of CsA is statistically highly
significant ( P= 0.019). Addition of exogenous cytochrome c increased vO2 in a nonsignificant manner, however, vO2 remained statistically different compared
with the initial rate ( P= 0.05). (D) The effect of Bax-DC on the Vmax in the presence of CsAwas not statistically significant. (E) The recordings of respiration
rate: the effects of octyl glucoside (OG) in combination with Bax DC. The effect of cytochrome c was identical to that without OG (see Fig. 5B and D) showing
that OG did not change the Bax-DC properties.
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outer mitochondrial membrane, would also support ADP
permeation in the cells in situ. The «ghost» cardiomyocytes
were preincubated with Bax-DC (5AM) or Bax FL (0.5 AM)
for 30 min and respiration rates were recorded at different
ADP concentrations in medium containing 8 AM exoge-
nous cytochrome c to compensate for its loss during pre-
incubation. The results are shown in Fig. 4 in double
reciprocal plots and the statistical analyses are summarised
in Table 1. Bax-DC significantly decreased the apparent Km
for ADP, but did not change Vmax (Fig. 5, Table 1) of
respiration in the presence of cytochrome c. However, Bax-
FL decreased Km(ADP) further and decreased Vmax of
respiration even in the presence of exogenous cytochrome
c. Table 1 and Fig. 4 show that octyl glucoside (OG), used
to solubilize the Bax-FL, permeabilized the outer mitochon-
drial membrane only for small molecules such as ADP,
since only the apparent Km for ADP but not Vmax is
changed, but in contrast with both forms of Bax, OG had
no effect on respiration and cytochrome c release (Fig. 5).
Fig. 5 shows the results of experiments in which the
effects of direct addition of Bax to respiring rat heart
mitochondria in vitro (not pre-incubated with Bax) were
studied. Fig. 5A and B shows that after addition of Bax to
mitochondria in the state 3 of respiration (activated by ADP,
3 mM), the respiration rate was decreased within several
minutes. The relatively rapid kinetics of Bax action could be
explained by the fact that we used preactivated oligomeric
Bax [8]. According to the observation of Eskes et al. [8],
this type of Bax exerts its effect within the first 5 min. The
inhibition of respiration by 5 AM Bax-DC was completely
reversed by exogenous cytochrome c (Fig. 5B). Bax-FL (0.1
AM) produced stronger inhibition of respiration rate even at
50 times lower concentrations than Bax-DC, and the effect
of Bax-FL was not completely reversed by exogenous
cytochrome c (Fig. 5A). As shown in Fig. 5C and D, the
inhibition of respiration in the presence of cytochrome c is
statistically significant only for Bax-FL. All experiments
were performed in the presence of CsA and in a buffer
containing Mg2 +, which inhibits PTP. Thus, the effects of
Bax cannot be explained by the opening of PTP, as it has
been suggested [27,32,26].
Since Bax-FL is always supplied with octyl glucoside
(OG) to prevent its aggregation, an important question was
whether the detergent itself may be responsible for the
Fig. 6. Measurements of mitochondrial swelling (A) and changes of mitochondrial membrane potential (B) induced by addition of Bax in the presence of CsA.
Isolated mitochondria were added into the fluorimetric chamber in the presence of substrates. Mitochondria were isolated in a sucrose medium (250 mM); the
measurements were performed in B solution with K+, whose entry by K+-channel (open in absence of ATP) induces some swelling—this is why a light swelling
is observed before addition of any compounds. Addition of Ca2 + (5 mM, two times) induced a maximal mitochondrial swelling due to opening of the PTP; this
is seen as decrease of optical density at 520–520 nm. Addition of Bax-FL (in 5 Al) did not induce any significant swelling. Decrease of light scattering after
addition of Bax-DC is explained by a dilution effect after addition of 80–100 Al of Bax to 2 ml of a reaction system. Isolated mitochondria were introduced into
the spectrofluorimeter chamber and the Rh123 fluorescence was recorded as described in Materials and methods. Two successive additions of 5 mM Ca2 + led
to a complete depolarization of the mitochondrial membrane, accompanied with the complete release of Rh123 from mitochondrial matrix into the medium.
Some depolarisation of the inner membrane was induced both by Bax-FL and Bax-DC in the presence of CsA (1 AM).
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differences between the two Bax types. In addition, it had to
be excluded that OG would change the conformation of
water-soluble Bax-DC molecule in such a manner that it
becomes as active in interactions with membranes as Bax-
FL molecule. Fig. 5E shows that this is not the case: OG in
experimentally used concentrations neither inhibited respi-
ration nor eliminated the effect of external cytochrome c
when Bax-DC was used. Similar degrees of inhibition by
Bax-FL were observed when respiration was activated by
uncoupling the inner membrane with FCCP (0.125 AM);
this means that the respiratory chain but not anion trans-
porters were inhibited (results not shown). The respiratory
substrates used were glutamate–malate; their oxidation is
mediated by production of NADH in the mitochondrial
matrix, and therefore the respiration was completely
blocked by rotenone, an inhibitor of the complex I in the
mitochondrial respiratory chain. Interestingly, however, in
the presence of Bax + rotenone the respiration was to some
extent reactivated by exogenous NADH, probably due to
activation of red–ox complexes in the outer mitochondrial
membrane from where reduced cytochrome c can carry the
electron directly to cytochrome c oxidase [33,34]. It was
observed that the Bax effect had two phases: a rapid initial
phase within 5 min and a slowly developing phase over a
30-min time. This explains the stronger effects of Bax
detected on respiration rate in the pre-incubation experi-
ments (Fig. 3).
To study the role of PTP opening in the effects of Bax in
our experiments, in control experiments PTP opening was
induced by the addition of a high concentration of calcium
(up to 10 mM), a classical PTP opener [25]. This induced
rapid mitochondrial swelling (Fig. 6A) and total collapse of
the membrane potential, DW (Fig. 6B), as expected [25].
Both forms of Bax at the concentrations used in these
experiments had no effect on mitochondrial swelling (Fig.
6A) and induced only partial depolarization of the inner
mitochondrial membrane, the extent of depolarisation being
dependent upon the form of Bax used (Fig. 6B). The
decrease of DW in the presence of Bax did not change in
the presence of CsA (see below). Thus, PTP opening was
not induced in these experiments and the effects of Bax
were not related to PTP opening, as already shown before
[8].
3.3. Bax-FL increases the MgATPase activity in heart mito-
chondria
In the absence of respiration the ATP synthesis by the
F0F1 complex in mitochondria is reversed and ATP is used
to maintain the transmembrane potential of protons, neces-
sary for ion transport, and to compensate for the proton leak
[35]. Both reactions—ATP synthesis and its hydrolysis—
catalyzed by the F0F1 complex, are sensitive to inhibition
by oligomycin [36]. If the proton leak is increased by
uncoupling (increasing proton conductivity of the inner
membrane up to the collapse of the membrane potential),
more ATP are used and more ADP + Pi are produced. Both
ATP and ADP are transported across the inner mitochon-
drial membrane by ATP–ADP translocator, ANT, which is
inhibited by atractyloside, ATR [29]. By measuring the
production of ADP in mitochondria and using both ATR
and oligomycin to exclude the possible extramitochondrial
ATP hydrolysis, one can get valuable information about the
changes in proton conductivity of the inner mitochondrial
membrane, and on the coupling between respiration and
phosphorylation. This reaction can be easily measured
Fig. 7. The effects of Bax-FL on the atractyloside- and oligomycin-
sensitive MgATPase of isolated rat heart mitochondria. Coupled enzyme
system assay. (A) Control experiment with oligomycin: inhibition of ADP
production is complete. (B) Control experiment with atractyloside (an
inhibitor of the ANT): residual activity is due to the existence of frag-
mented mitochondrial membranes or damaged mitochondria where ADP
and ATP bypass the adenine nucleotide translocase (ANT). (C) The effects
of Bax and FCCP on MgATPase activity. From all measured values of the
MgATPase activity, the ATR-insensitive activity was substracted. Activities
are given in Amol min 1 mg 1 at 25 jC. Values are expressed as the
meansF S.E. Reactant concentrations: mitochondria 30 Ag/ml, Bax-FL 0.1
AM, Bax-DC 5 AM, CsA 1 AM, FCCP 0.125 AM, oligomycin 5 Ag/ml,
atractyloside 30 AM and rotenone 2 AM. Reactants were added in the
following order: mitochondria (1), CsA (2), Bax-FL before (3) or after (4)
CsA, or Bax-DC (5), finally FCCP. Bax-FL (0.1 AM) had a highly
significant activating effect on the MgATPase activity (3.4-fold),
( P= 0.024–0.028); Bax-DC (5 AM) showed only a slight activation (not
statistically significant). The uncoupler FCCP (0.125 AM) increased
MgATPase activity eight times; P= 0.0093, highly significant. P < 0.05
was taken as the level of significance. The number of experiments was at
least 4.
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spectrophotometrically. We used this method in combina-
tion with measurement of the membrane potential (Figs. 7
and 8). Fig. 7A and B shows that the reaction of ATP
hydrolysis (ADP production) is completely inhibited by
oligomycin (A) but only partially by atractyloside (B).
Since isolated mitochondria contain broken mitochondria
and some fragments of the inner membrane, where ATP and
ADP have directs access to the F0F1 complex, the activity
of MgATPase in the presence of ATR (0.14 Amol/min/mg)
was taken as zero reference (Fig. 7C). The ATR-sensitive
MgATPase activity was initially low (0.05 Amol/min/mg),
and as could be expected, was not changed by CsA or
octyl glucoside, OG, a detergent used to solubilize Bax-FL,
but was significantly enhanced by Bax-FL (up to 0.174
Amol/min/mg), independently from the presence of CsA
(Fig. 7C). The effect of Bax-DC was statistically nonsigni-
ficant, and the MgATPase was strongly activated by FCCP
(Fig. 7C).
The results shown in Fig. 8 provided direct evidence that
the effect of Bax-FL on the MgATPase activity (Fig. 7) was
the result of its uncoupling action. The polarization of the
inner membrane was achieved either by substrates (Fig.
8A–D) or ATP (Fig. 8E–F). In the presence of substrates,
the membrane was depolarized by FCCP (Fig. 8A) or by
inhibition of respiration by rotenone (Fig. 8B). While OG
had no effect on the membrane potential, Bax-FL, in the
presence of CsA, partially depolarized the membrane, which
was further depolarized by FCCP (Fig. 8C) or rotenone (Fig.
8D), as could be expected. In these experiments some
depolarization of the membrane in the presence of Bax
might potentially be explained by inhibition of the respira-
tion, in accordance with the flux–force relationship between
respiration and proton-motive force in mitochondria [35].
However, this explanation could be completely excluded by
the results shown in Fig. 8E and F. There was no respiration
in these experiments (substrates were absent); the inner
mitochondrial membrane was polarized by ATP due to the
oligomycin-sensitive ATPase (Fig. 8E). Bax-FL, in the
presence of CsA, partially depolarized the membrane which
could be further depolarized by oligomycin. Thus, in this
case depolarization of the inner mitochondrial membrane by
Bax-FL was a result of a direct uncoupling effect of Bax on
the inner mitochondrial membrane, in addition to the
inhibition of some segments of the respiratory chain (Figs.
3 and 5). This uncoupling is the reason for the increase of
the MgATPase activity seen in the mitochondria in the
presence of Bax-FL (Fig. 7C).
4. Discussion
The results of this study show that the detailed measure-
ments of mitochondrial activities provide new information
on the mechanisms of action of the Bcl-2 family proteins.
They show that both full-length and C-terminal truncated
oligomeric Bax open pores in the outer mitochondrial
membrane, which are large enough to allow diffusion of
cytochrome c and ADP out of and into the space between
the outer membrane and the peripheral inner membrane. The
new observation was that full-length Bax increases the
MgATPase activity by the partial uncoupling of the inner
mitochondrial membrane, but inhibits some component(s)
of the respiratory chain.
These effects are not related to the opening of the PTP in
the inner membrane. An important factor of this study was
the use of the physiological salt solution B whose compo-
sition is close to that of muscle cells cytoplasm [37,16]. This
contains membrane stabilizers, such as taurine, and free
Mg2 +, which is an inhibitor of the PTP opening [25]. This is
an obvious advantage, since it allows us to study the effects
of Bax without interference of PTP.
Mootha et al. [12] found recently that a proapoptotic Bcl-
2 family member, tBID, induced a respiratory failure which
was reversed at early time-points by exogenous cytochrome
c, but over time mitochondria showed irreversible respiratory
changes that was explained by prolonged lack of cytochrome
c [12]. In this study we used two different preparations of
another proapoptotic member of the BCl-2 family, Bax: full-
length protein (Bax-FL) and a C-terminal truncated version
(Bax-DC). Both full-length and truncated Bax have channel-
forming activity in artificial lipid membranes [20]. The
proteins have been shown to trigger cytochrome c release
[7,8,11,38]. However, how Bax executes its function on the
molecular level still remains controversial. Three main
mechanisms for Bax-triggered cytochrome c release have
been proposed: (1) by channels formed in the outer mito-
chondrial membrane by Bax alone [8,39]; (2) fusion chan-
nels formed by Bax and VDAC [28]; (3) opening of the
mitochondrial PTP, resulting in mitochondrial matrix swel-
ling and rupture of the outer mitochondrial membrane
[32,40]. We found that the effect of Bax depended quantita-
tively on its structure. Bax-DC at 5 AM released about 8% of
total mitochondrial cytochrome c, whereas 5 AM Bax-FL
liberated 75%. The loss of cytochrome c resulted in 30%
reduction of the mitochondrial respiration rate in case of
Bax-DC but led to full inhibition of respiration by Bax-FL.
Fig. 8. Uncoupling effect of Bax-FL on the mitochondrial inner membrane. Mitochondrial membrane polarization due to the oxidation of substrates (glutamate/
malate) (A–D) or due to ATP (1 mM) (E–F) was recorded as described in Fig. 6B legend. (A) Control. The signal recorded was stable in time; FCCP
completely depolarized the membrane. (B) The addition of rotenone induced a total depolarization of mitochondrial membrane due to its inhibitor effect on
Complex I; the addition of FCCP showed no effect. (C) The absence of the effect of OG (buffer of Bax-FL). However, Bax-FL induced a partial depolarization,
which was completed by FCCP. (D) The depolarization induced by Bax-FL was completed also by the addition of rotenone. (E) The polarization of
mitochondrial inner membrane by ATP. In this case, the addition of oligomycin induced a complete depolarization due to inhibition of the ATPase activity. (F)
Bax-FL induced a decrease of membrane potential maintained by ATP; oligomycin was able to complete the depolarization. This is a direct evidence of the
uncoupling effect of Bax-FL.
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The depression of respiration by Bax-DC could be fully
reversed by cytochrome c that was able to re-enter into the
intramembrane space, indicating that Bac-DC had not dis-
turbed the inner mitochondrial membrane. Incubation only
with 0.1 AM Bax-FL decreased respiration as well by 30%
but in contrast to Bax-DC, this respiration reduction was not
fully reversed by external cytochrome c. This suggested an
additional effect of Bax-FL on the cristae membranes and its
potential to release more cytochrome c from this compart-
ment. In studies by Goldstein et al. [11] andWaterhouse et al.
[13], the authors noticed that in cells after Bax stimulation,
cytochrome c was rapidly released followed by a drop in the
mitochondrial membrane potential; however, surprisingly
the membrane potential was re-established after a short time
[11,13]. Thus, as was observed with Bax-DC, the outer
mitochondrial membrane might have become permeable to
release only a small portion of cytochrome c from the
intermembrane space.
One of the proposed mechanisms of cytochrome c
release induced by Bax has been by PTP opening, which
results in mitochondria matrix swelling, loss of the trans-
membrane potential and breakage of the outer mitochondrial
membrane [41,26,32,42]. In contrast to these works, our
experiments were performed in the presence of 4 mM
MgCl2, a PTP blocker. We did not detect any significant
swelling and CsA did not show any effect, indicating that
PTP opening was not involved. This agrees with the
observation by Eskes et al. [8]. Pastorino et al. [26], by
using a similar model but a KCl-based medium, observed
that 125 nM Bax did not induce any swelling of isolated
mitochondria, but released cytochrome c in a CsA-depend-
ent manner. This may mean that swelling is a rather non-
sensitive indicator of PTP opening, however, the absence of
the influence of CsA in our experiments most probably
excluded the opening of PTP.
Our results show a significant difference between the
full-length and the C-terminal truncated Bax protein, sug-
gesting that in addition to its permeabilising activity on the
outer membrane, the full-length protein has a specific effect
on the components of the inner mitochondrial membrane.
This effect is most likely linked to the C-terminal domain of
Bax. Harris et al. [43] showed that Bax was less toxic in
yeast cells where components of the respiratory chain had
been mutated, whereas mutations in proteins unrelated to
respiration had no effect [43]. This results suggested that
Bax might interact and have some effect on the components
of the respiratory chain.
The difference between the two Bax proteins was con-
firmed by their effects on the MgATPase activity of isolated
rat heart mitochondria. Addition of full-length Bax in-
creased the ATPase activity three times, whereas BaxDC
did not show any statistically significant stimulation. Full-
length Bax was able to partly depolarize mitochondria both
in the presence of substrates and ATP. The latter effect
clearly showed a direct uncoupling effect of Bax full-length.
In contrast to the uncoupling effect of FCCP (increases the
respiration rate), the uncoupling effect of Bax-FL was
inhibitory, observed in parallel with inhibition of the respi-
ration rate. Further experiments are required to identify
which segments of the respiratory chain are the targets of
the inhibitory action of Bax. Several earlier studies have
indicated that Bax could have an effect on the F0F1–ATPase
complex. Matsuyama et al. [44] showed that the F0F1–
ATPase complex was required for Bax killing effect in yeast
[44]. In addition, the small molecule inhibitor oligomycin
has also been shown to inhibit Bax activity both in yeast and
in mammalian isolated mitochondria [45,32]. In a recent
study, Ikemoto et al. [46] showed that oligomycin protects
against calphostin C-induced apoptosis and reduces Bax
homodimerization in the mitochondria [46]. Changes in
mitochondrial and cytosolic pH have been reported to occur
during apoptosis [44]. Inhibition of respiration and/or
ATPase activity could result in disturbance of the proton
equilibrium at the inner mitochondrial membrane.
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